Electronic Structure Change of NiS$_{2-x}$Se$_x$ in the Metal-Insulator
  Transition Probed by X-ray Absorption Spectroscopy by Jeong, Jinwon et al.
Electronic Structure Change of NiS2−xSex in the Metal-Insulator
Transition Probed by X-ray Absorption Spectroscopy
Jinwon Jeong, Kyung Ja Park,∗ En-Jin Cho, and Han-Jin Noh†
Department of Physics, Chonnam National University, Gwangju 61186
Sung Baek Kim
The College of Liberal Arts, Konyang University, Chungnam, 32992
Hyeong-Do Kim
Department of Physics and Astronomy, Seoul National University,
Center for Correlated Electron Systems,
Institute for Basic Science, Seoul 08826
(Dated: October 19, 2018)
0
ar
X
iv
:1
70
7.
01
60
2v
2 
 [c
on
d-
ma
t.s
tr-
el]
  2
6 S
ep
 20
17
Abstract
The electronic structure change of NiS2−xSex as a function of Se concentration x has been studied
by Ni L-edge X-ray absorption spectroscopy (XAS). The XAS spectra show distinct features in
Ni L3 edge, indicating whether the system is insulating or metallic. These features can be semi-
quantitatively explained within the framework of the configurational interaction cluster model
(CICM). In the S-rich region, relatively large charge-transfer energy (∆ ∼ 5 eV) from ligand p
to Ni 3d states and a little small p-d hybridization strength (Vpdσ ∼ 1.1 eV) can reproduce the
experimental spectra in the CICM calculation, and vice versa in the Se-rich region. Our analysis
result is consistent with the Zaanen-Sawatzky-Allen scheme that the systems in S-rich side (x ≤
0.5) are a charge transfer insulator. However, it also requires that the ∆ value must change
abruptly in spite of the small change of x near x=0.5. As a possible microscopic origin, we propose
a percolation scenario where a long range connection of Ni[(S,Se)2]6 octahedra with Se-Se dimers
plays a key role to gap closure.
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I. INTRODUCTION
The metal-insulator transition (MIT) of nickel dichalcogenide Ni(S,Se)2 with pyrite struc-
ture has long been studied in condensed matter physics[1–3]. At the early stage of this
material research, NiS2−xSex was regarded as one of the few ideal examples of band-width
controlled MIT by electron correlation effects because this solid-solution does not show a
first-order structural distortion that hinders isolating the correlation effects in MIT[2, 4].
Se substitution (x) in S-site of NiS2 is expected to induce (i) an increase of the overlap
integrals between Ni 3d and ligand p orbitals and (ii) a decrease of the charge transfer en-
ergies from ligand p to Ni 3d states. In view of the Zaanen-Sawatzky-Allen (ZSA) scheme,
the change of the parameter values is to be roughly mapped to a gap closing of the charge
transfer insulator NiS2[5]. This apparently simple issue, however, incorporates several subtle
and complicated problems. Being very different from the transport or optical measurements
that indicate 70∼300 meV activation energy in insulating NiS2[6, 7], the conduction/valence
bands photoemission spectra (PES) always show a clear Fermi edge regardless of their Se
concentration[8, 9]. Ni 2p core level PES or X-ray absorption spectroscopy (XAS) studies
also have not provided a clear electronic structure change across the MIT. Further, as is
often the case with strongly correlated electron systems, conventional band calculations fail
to reproduce the insulating phase[8, 10]. Due to these difficulties, the microscopic origin of
the MIT in NiS2−xSex has not been well understood in spite of the accumulated data in a
long term.
Recently, a few novel scenarios about the microscopic origin of the MIT were proposed
based on newly developed methods[11–13]. In theoretical aspects, Kunesˇ et al. exploited the
dynamic mean field theory (DMFT) combined with the local density approximation (LDA)
to reproduce the gap in NiS2 and addressed that the S-S dimer is the key factor to control
the gap size[14]. Moon et al. also employed the DMFT+LDA to reproduce the evolution of
the electronic structure of NiS2−xSex, from which they argued that the MIT is a band width-
controlled type and that the hybridization strength change between Ni 3d and chalcogen p
orbitals is the most important parameter[15]. Experimentally, a soft X-ray angle-resolved
photoemission spectroscopic (SX-ARPES) measurement was successfully performed that the
spectral weight transfer of the coherent quasiparticle peak to incoherent dispersionless part
indicates the increase of the electron correlation that drives the Mott transition[16].
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In this paper, we present the electronic structure change of NiS2−xSex measured by Ni
2p XAS as a function of the Se concentration. Even though the XAS spectra of the end
members, NiS2 and NiSe2, have been reported separately, there is no systematic XAS study
for the full series of this system[17, 18]. Our measurements revealed that there is a distinct
spectral difference between metallic phase and insulating one in the Ni 2p3/2 XAS. We
analyzed the spectral change using the configurational interaction cluster model (CICM)
calculation with full multiplets and obtained a semi-quantitative agreement with the charge
transfer type Mott transition scenario in which the p-d charge transfer energy ∆ plays more
dominant role in the MIT than the d-p hybridization strength, but our result also requires
an abrupt change of the ∆ value that cannot be an averaging effect of S and Se electro-
negativities. A possible microscopic origin of the abrupt ∆ change is also discussed in terms
of a percolative connection of Ni[(S,Se)2]6 with Se-Se dimers.
II. METHODS
High quality single crystalline NiS2−xSex (x=0.0, 0.25, 0.3, 0.5, 0.6, and 2.0) were syn-
thesized by the chemical vapor transport method with Cl2 as the transport agent. Stoichio-
metric amounts of high purity (≥ 99.99%) Ni, S, and Se powders were weighed and mixed
with a pestle and mortar. The mixture was loaded in a ∼20 cm long quartz ampoule. The
ampoule was evacuated to ∼1×10−3 Torr and filled with Cl2 gas at 0.5 Bar, then sealed.
Using an electric two zone tube furnace, one end of the quartz tube was heated up to 780
◦C while the other to 700 ◦C, and the environment was maintained for 100 hours. The
obtained crystal size is typically ∼2×2×2 mm3 with dark shinny facets. The single phase
of our samples was checked by X-ray diffraction. The lattice parameters were obtained by
analyzing the XRD patterns using FullProf[19].
The x-ray absorption experiments were performed at the 2A elliptically polarized undula-
tor beam line in the Pohang Light Source. Fresh sample surfaces were obtained by scraping
in situ with a diamond file at the pressure of ∼5×10−10 Torr. The absorption spectra with
the energy resolution of ∼0.2 eV were acquired at 120 K in a total electron yield mode using
∼98% linearly polarized light, and were normalized to the incident photon flux.
The obtained XAS spectra were analyzed within the framework of the CICM with full
multiplets[20–23]. In the pyrite nickel dichalcogenide (space group Pa3) as shown in the
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right inset of Fig.1, the cluster is a Ni[(S,Se)2]6 octahedron. Six S/Se ligands form a regular
octahedron and one Ni cation is located at the center of the octahedron. Due to the relatively
low electron affinity of the chalcogen ions, each ligand at the corners of the octahedron has a
strong σ-bonding with another ligand, forming a dimer of (S,Se)2−2 . Divalent cation Ni
2+ is
under the crystal electric field of Oh symmetry, which induces a splitting of five 3d orbitals
into triply degenerate t2g and doubly degenerate eg states. The splitting energy (10Dq) is
set to 1.7 eV in this work. The configurational interaction is characterized by the on-site
d-d Coulomb repulsion (U ≡ E(dn+1) + E(dn−1) − 2E(dn)), the ligand p to Ni 3d charge
transfer energy (∆ ≡ E(dn+1L) − E(dn), L a ligand hole), and the hybridization strength
between Ni 3d and ligand p states (V ≡ 〈d|H|p〉), which can be expressed with the Slater-
Koster overlap integrals according to the point group symmetry of the cluster. For the final
state, the average Coulomb attraction between a 2p core hole and a 3d electron is set to
1.4U . In this work, U was set to 5.0 eV if not otherwise specified, and the others were
used as fitting parameters. The initial/final states are spanned over |d8〉 ⊕ |d9L〉 / |2pd9〉
⊕ |2pd10L〉 configurations, respectively. For full multiplet calculations of each configuration
state, Slater-Condon parameters for Ni 3d-3d and 2p-3d (F 2dd=12.234, F
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dd=7.598, F
2
pd=7.721,
G1pd=5.787, and G
3
pd=3.291 eV) are exploited with a reducing factor 0.8 to take the screening
effect into account for the core hole.
III. RESULTS AND DISCUSSION
Figure 1 shows the resistivity vs. temperature curves of our pyrite structure NiS2−xSex
single-crystalline samples. NiSe2 and NiS1.4Se0.6 show a typical metallic behavior for a whole
temperature range. Meanwhile, NiS1.5Se0.5 show an MIT around 120 K, above which it
becomes insulating. As the Se concentration x decreases to 0.25, the transition temperature
goes down to ∼50 K. At x=0, the slope of the resistivity curve changes around ∼120 K
and ∼20 K, but the phase stays insulating. These behaviors are very consistent with the
previous observations on this system[1]. The left inset of Fig. 1 shows the lattice constant a
of the pyrite structure (right axis, blue) and the average distance of the ligand-ligand dimers
(left axis, black) as a function of x, respectively[24]. The constants were extracted from a
Rietveld analysis of the XRD patterns of the samples, showing a good agreement with the
Vegard rule[25]. The dimer distances show a little fluctuation, but no abrupt change is
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FIG. 1: Resistivity vs. temperature curves of NiS2−xSex. Above ∼120 K, samples with x ≤ 0.5
show the insulating behavior. (Left inset) Lattice constant a (right axis, blue) / Ligand-ligand
dimer distance (left axis, black) as a function of Se concentration x. (Right inset) Unit cell of the
pyrite structure.
found.
The Ni 2p XAS spectra of the end members (x=0, 2.0) is displayed in Fig. 2. For
comparison, a calculated spectrum based on the CICM with full multiplets (∆=3.5, U=5.0,
Q=6.0, Vpdσ=1.2, 10Dq=1.0 eV) is shown together. The major difference between the two
end-members in the experimental data is the relative position (∆Eb∼1.3 eV) of the b peak
in the L3 edge. In the insulating phase, the b peak is more away from the main peak
(a). The physical analysis of the 2p XAS of Ni2+ ion under a crystal electric field of Oh
symmetry is well documented in Ref.[20]. The ground state symmetry is 3A2g (e
2
g) and the
configurational character of a and b is |2p
3/2
d9〉 for both cases, but the energy difference ∆Eb
depends mainly on the p-d charge transfer energy ∆, and the d-p hybridization strength V .
This is because the ground state is mixed with |d8〉 and |d9L〉. The calculated spectrum has
all key features a, b, and c(c′) to explain the experimental spectra. It is well known that the
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FIG. 2: Ni 2p X-ray absorption spectra of NiS2, NiSe2, and a simulated spectrum based on the
CICM with full multiplets.
Ni L2 edge spectra are much more influenced by the ligand hole band width[20], so here we
do not include L2 edge fitting.
In order to get more hints for fitting strategy, we first looked up the dependency of
the calculated spectra on the four major characterizing parameters of the configurational
interaction cluster model. It is revealed that the p-d charge transfer energy ∆ and the d-p
hybridization strength V are dominant on all split energies of the peaks, while the on-site
Coulomb energy U and the crystal electric field strength 10Dq affect little on the energy Eb.
In Fig. 3, we show how the calculated spectra are evolved with the two dominant parameters
∆ and V . In these simulations, the other parameters are set to U=7, Q=8.75, and 10Dq=1.7
eV, respectively. As ∆ decreases from 4.5 to 0.5 eV, all split energies get reduced as shown in
Fig. 3(A). Meanwhile, as Vpdσ decreases from 2.0 to 0.4 eV as shown in Fig. 3(B), the energy
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FIG. 3: Dependency of the calculated spectra on (A) ligand p-Ni 3d charge transfer energy ∆ and
(B) Ni 3d-ligand p hybridization strength Vpdσ. Other parameter values are U=7, Q=8.75, and
10Dq=1.7 eV, respectively.
difference (Eab) between a and b increases slightly and the energy difference (Ebc) between b
and c decreases drastically. These behaviors suggest how the XAS spectra can be explained
in terms of the CICM. Se substitution in NiS2 is expected to reduce the charge transfer
energy and to increase the hybridization strength due to the smaller electro-negativity of Se
and more extended nature of Se 4p orbitals. Even though these two parameters can affect
on the split energy ∆Eab in a similar way, they have a different effect on ∆Ebc. Thus, if we
carefully observe the XAS spectral evolution as a function of Se concentration and compare
them with the above parameter dependency, a decisive clue on the microscopic origin of the
MIT in NiS2−xSex can be caught as follows.
Figure 4(A) shows our experimental XAS spectra at Ni L3(2p3/2) edge as a function
of Se concentration. Here, an interesting feature is found in the XAS spectra. Although
we obtained the spectra over the whole x range, only two spectral shapes are found. All
insulating samples (0.0 ≤ x ≤ 0.5) exhibit the b peak at 853.6 eV, while all metallic samples
(0.6 ≤ x ≤ 2.0 ) do at 852.3 eV. This dichotomic behavior is quite surprising when we
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FIG. 4: (A) Experimental Ni 2p3/2 XAS of NiS2−xSex. (B) Fitted XAS based on the CICM
calculation.
consider the small difference of Se concentration between x=0.5 and 0.6 samples and the
corresponding crystal structure difference. Also, it is worth noting that the c/c′ peaks stay
almost at the same energy position in spite of the wide Se concentration changes. These
two features in the spectral evolution strongly indicate the following two facts. First, the
Se substitution does not vary much the d-p hybridization strength, contrary to our simple
expectation. Second, the p-d charge transfer energy is the key control parameter in the MIT
of this system, but the control mechanism is not a result of a simple average effect of the Se
and S electro-negativities.
In Fig. 4(B), our fitting results based on the CICM with full multiplets are displayed.
Here, we set to U=5.0, Q=7.0, and 10Dq=1.7 eV, respectively, and 0.9 eV Lorentzian
broadening in full with at half maximum was applied to simulate the core hole life time
effect. As we approach the simulations from NiS2 (x=0) to NiSe2 (x=2.0), ∆ decreases from
5.0 to 3.0 eV, and Vpdσ a little increases from 1.1 to 1.3 eV. A semi-quantitative spectral
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evolution is well reproduced in our fitting, and at least ∼1 eV abrupt change is essential in
the p-d charge transfer energy in order to simulate the MIT. Note that ∆Eb in the simulation
is much smaller than the experimental value. The true change of the ∆ value can be much
larger than this semi-quantitative fitting result.
Our XAS spectra and the CICM analysis clarify that the MIT of NiS2−xSex is controlled
by the ligand p-Ni 3d charge transfer energy, but that the control mechanism is not a
simple averaging effect of Se substitution into sulfur sites. One possible scenario about the
microscopic origin is a percolation of Ni[(S,Se)2]6 octahedra with at least one Se-Se dimer in
the system. As we checked the bonding distance of the dimers in the left inset of Fig. 1, the
distance itself does not show a clear correlation with the MIT although the fluctuation is
relatively large. However, it is noticeable that the dimer bonding state is the key factor to
control the ∆ value by a non-averaging way. There are three kinds of dimers S-S, S-Se, and
Se-Se in this system. Considering the XAS spectra of the end members NiS2 and NiSe2, we
can assume that only Ni[(S,Se)2]6 octahedra with at least one Se-Se dimer has a small enough
∆ to induce a local screening effect, and that a long range connection of those octahedra
makes a metallic transition of the system by a macroscopically transformed screening effect.
Then, this is a percolation problem of the Se-Se dimers in the pyrite structure. In the
structure, the dimers form a fcc structure (See Fig.1 right inset), and a local connection of
the Ni[(S,Se)2]6 octahedra is equivalent to a site percolation of the dimers up to next nearest
neighbor in the fcc structure. Unfortunately, the exact percolation threshold probability pth
to this problem is not found in literature, but by considering the similar cases, for example,
simple cubic lattice up to next nearest neighbor (coordination number z=18)[26], we can
guess pth<0.137. This corresponds to the Se concentration x <0.740 under the assumption of
random site occupation of Se atoms. Although this is a little higher concentration than the
experimental value xc=0.55[1], major features of the MIT in this system are well explained
in terms of Se-Se dimer percolation.
IV. SUMMARY
We synthesized the single crystalline NiS2−xSex samples with pyrite structure by the Cl2
vapor transport method, analyzed the crystal structure to extract the lattice parameters,
and measured the resistivity vs. temperature as a function of Se concentration, which show a
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good agreement with literature. With the qualified samples, the electronic structure change
has been studied by Ni L-edge XAS. The XAS spectra show distinct features in Ni L3
edge, indicating whether the system is insulating or metallic. These features can be semi-
quantitatively explained within the framework of the CICM. In the S-rich region, relatively
large charge-transfer energies (∆ ∼ 5 eV) from ligand p to Ni 3d states and a little small p-d
hybridization strength (Vpdσ ∼ 1.1 eV) can reproduce the experimental spectra in the CICM
calculation, and vice versa in the Se-rich region. Our analysis result is consistent with the
ZSA scheme that the systems in S-rich side (x ≤ 0.5) are a charge transfer insulator whose
gap opening/closure depends on the relative size of the p-d charge transfer energy (∆), the
d-d Coulomb energy (U), and the p-d hybridization strength (Vpdσ), but it also requires an
abrupt change of the ∆ value, which cannot be a result of simple averaging effect of the
S and Se electro-negativities. As a possible microscopic origin, we propose a percolation
scenario where a long range connection of Ni[(S,Se)2]6 octahedra with Se-Se dimers plays a
key role to the gap closure through an abrupt decrease of ∆.
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